Background: Gastric cancer remains the second leading cause of cancer-related deaths in the world. Successful early gastric cancer detection is hampered by lack of highly sensitive and specific biomarkers. Plasma membrane proteins participate and/or have a central role in the metastatic process of cancer cells and are potentially useful for cancer therapy due to easy accessibility of the targets.
Background
Gastric cancer(GC) is the second leading cause of cancer related deaths which kill about 800 000 people annually [1] . It is a highly aggressive malignant disease with the overall 5 year survival rate (5YSR) of 24% [2] . The major reason for this poor outcome is the difficulty in the detection of early stage GC when treatment could improve long term survival of patients. Therefore, the identification of tumor biomarkers for early detection plays an important role in improving diagnosis and treatment of GC. Unfortunately, tumor biomarkers such as CEA and CA19-9 that are currently utilized for the detection of GC in clinical practice are not specific and sensitive enough; with their sensitivity in the range of 18%-57% [3] . Consequently, discovery of the valuable biomarkers of GC remains a worthy task.
Plasma membrane encloses the cell and maintains the essential boundaries between the cytosol and the extracellular environment. The proteins constitute approximately 50% (by mass) of the cell surface membrane [4] . Proteins located in plasma membrane mediate most functions of the membrane, such as acting as sensors for external signals, transporters of specific molecules and the connection point of the membrane to the cytoskeleton, the extracellular matrix and adjacent cells [5, 6] . Significantly, these proteins constitute more than 45% of current drug targets, with 25-30% of drugs targeting Gprotein coupled receptors [7, 8] . Defining the plasma membrane proteome is of great interest due to the fundamental role of membrane proteins [9] . Moreover, profiling plasma membrane markers in specific disease stage has great potential for identifying novel biomarkers and subsequent therapeutic targets [8] . Her2 [10] , cMet, and EGFR [11] are classical examples of plasma membrane proteins against which small molecules and biologics have been successfully developed and implemented in the clinic [10] [11] [12] . Attempts have succeeded in identifying potential plasma membrane biomarkers of GC from cell lines. These include but are not limited to SLC3A2. However, global proteomic analysis of membrane-enriched samples from normal versus GC tissues has not been reported before.
Stable isotope-based quantitative proteomics approach for identification and quantification of proteins has provided new possibilities in the field of biomarker discovery [13] . The isotopes can be incorporated metabolically as in SILAC or chemically as in isobaric labeling methods include isobaric tag for relative and absolute quantification (iTRAQ) and tandem mass tag (TMT) [14, 15] . The 2-plex and 6-plex tandem mass tags (TMTs), through the incorporation of, respectively, one ( 13 C) and five ( 13 C or 15 N) stable isotopes, perform relative protein quantification between two and up to six samples [16] . This method is successfully used to screen for biomarkers in periodontal disease, colorectal cancer [15] , breast cancerand so on [17, 18] .
In this study, we used TMT label combined with LC-MS/MS to compare the expression level of plasma membrane proteins between a pair of "normal" and gastric cancer tissues, thereby allowing identification of plasma membrane-associated biomarkers. Our data revealed flotillin 1 plasma membrane protein to be a potential biomarker for GC detection.
Methods

Patient samples
GC samples with stage I tumors((AJCC 6th Edition Stage I disease, with minimal depth of invasion into mucosa and no metastatic lymph nodes) and matched normal tissue samples (50-200 mg) were obtained from surgical resection specimens at the department of pathology, snap frozen in liquid nitrogen, and stored at -80°C until use and subjected to routine pathological examination at Jiangsu province hospital. The patients' age ranged from 32 to 90 years, only 12 patients were GC and were available for further studies. Written informed consent was obtained from each patient before surgery. This study was approved by the Ethics Committee of Nanjing Medical University with an Institutional Review Board (IRB) number of 2012-NFLZ-32. The tumor and control samples were pooled separately and subjected to proteomic analysis.
Plasma membrane purification and protein lysis
Plasma membrane was enriched as previously described [19] . Briefly, tissues were lysed by hypotonic buffer (10 mM Trisbase, 1.5 mM MgCl 2 , 10 mM NaCl, pH 6.8) for 5 min followed by centrifugation at 300 × g for 5 min, then resuspended in gradient buffer (0.25 M Sucrose, 10 mM HEPES, 100 mM Succinic acid, 1 mM EDTA, 2 mM CaCl 2 , 2 mM MgCl 2 , pH7.4) and homogenized. The homogenate was centrifuged at 1,000 × g for 10 min and the supernatant was collected. Subsequently, the supernatant was centrifuged at 100 000 × g for 30 min. The pellet was purified membranes which were resuspended in 2 mL gradient buffer by homogenization and mixed with 1.9 mL Percoll (Amersham Biosciences, Uppsala,Sweden) containing 10% PBS and 0.19 mL 2.5 M sucrose in an Easy-Seal tube (polyallomer, 5 mL, Sorvall). The tube was filled with gradient buffer, capped and centrifuged at 120 000 × g for 15 min. The pellet was washed with ice-cold PBS three times and suspended in 150 μl of SDS lysis buffer and stored at −80°C. The protein concentrations were determined by the Bradford method.
Protein digestion and peptide tandem mass tag(TMT) labeling
Protein digestion and TMT labeling were done as previously described [20] . 1 mg of plasma membrane protein from normal or GC samples was reduced with 10 mM DTT at 60°C for 1 h, alkylated with 55 mM IAA for 45 min at room temperature in the dark and digestion with trypsin overnight at 37°C. Tryptic peptides were desalted and then dried in vacuo (Speed Vac, Eppendorf ). 20 μg of proteins was labeled for 1 h at room temperature by adding 5 μL of the TMT reagent. The peptides were labeled with isobaric tags and mixed at 1:1 ratio based on total peptide amount. The TMT labeled proteins were stored at -80°C until used.
SCX fractionation separation
SCX fractionation separation was done as previously described [20] . Peptide mixtures were resuspended in 10 mM NH 4 COOH, 5% ACN( pH 2.7), and subjected to cation ion exchange columns (1 mm ID × 10 cm packed with Poros 10 S, DIONEX, Sunnyvale,CA, USA) with the UltiMate® 3000 HPLC system. The separation was performed by applying a two-buffer system. Buffers A and B were prepared as follows: buffer A, 5 mM ammonium formate, 5% ACN (pH = 2.7); buffer B, 800 mM ammonium formate, 5% ACN (pH = 2.7).The following gradient was employed: 0% to 30% B for 21 min, 30% to 56% B for 7 min, 56% B to 100% B for 1 min, 100% B for 3 min, 100% B to 0% for 1 min and 0% for 20 min before the next run. Twenty fractions in total were collected and lyophilized.
Mass spectrometry analysis
Mass spectrometry analysis was done as previously described [21] . The labeled peptides were analyzed on the LTQ Orbitrap-Velos instrument (Thermo Fisher, USA) connecting to a Nano ACQUITY UPLC system via a nanospray source. The reverse-phase separation of peptides was performed using the buffer A(2% ACN, 0.5% acetic acid) and buffer B (80% ACN, 0.5% acetic acid); the gradient was set as following: 4% to 9% buffer B for 3 min, 9% to 33% buffer B for 170 min, 33% to 50% buffer B for 10 min, 50% to 100% buffer B for 1 min, 100% buffer B for 8 min, 100% to 4% buffer B for 1 min. For analysis of plasma membrane proteins, one full scan was followed by the selection of the eight most intense ions for collisioninduced dissociation (CID) fragmentation (collision energy 35%). The most intense product ion from the MS2 step was selected for higher energy collision-induced dissociation (HCD)-MS3 fragmentation.
Protein identification and quantification
Protein identification and quantification were done as previously described [21] . Maxquant (version 1.2.2.5) was used to identify the raw spectra acquired from precursor ions as described [22] . Search parameters were set as following: precursor mass tolerance of ± 20 parts per million (ppm); 0.5-dalton product ion mass tolerance; trypsin digestion; up to two missed cleavages; carbamidomethylation (+57.02146 Da) on cysteine, TMT reagent adducts (+229.162932 Da) on lysine and peptide amino termini were set as a fixed modification; and methionine oxidation (+15.99492 Da) was set as a variable modification. False discovery rates (FDR) of the identified peptides and proteins were estimated by searching against the database with the reversed amino acid sequence. Only peptides with at least six amino acids in length and an FDR of 1% were considered to be successfully identified. Relative protein abundance ratios between two groups were calculated from TMT reagent reporter ion intensities from HCD spectra. For TMT labeling, each peptide channel was re-normalized by the sum across channels. The protein intensity was calculated as the median of normalized intensity of the corresponding peptides. The mean and standard deviation for each protein across subjects was calculated, and Perseus was used to perform statistical comparisons. One-way analysis of variance (ANOVA) was used to calculate significant differences in abundance among groups. A permutation-based FDR value less than 0.05 was considered significant.
Ingenuity pathway analysis
To further explore the significance of the differentially expressed plasma membrane proteins, Ingenuity® Pathway Analysis (IPA; Ingenuity® Systems, www.ingenuity.com/) was used to search the relevant molecular functions, cellular processes and pathways of these identified proteins during the pathological changes of GC. Associated networks of differentially expressed plasma membrane proteins were generated, along with a score representing the log probability of a particular network being found by random chance. Top canonical pathways associated with the uploaded data were presented, along with a p-value. The p-values were calculated using right-tailed Fisher's exact tests.
Western blot analyses
Lysates from normal or GC plasma membrane samples were separated on 11.5% SDS-PAGE gels and then the proteins were transferred to nitrocellulose membranes, blocked in TBST containing 5% nonfat milk powder for 4 hour and incubated overnight with primary antibodies against Na + /K + -ATPase(Abcam Ab76020, 1:1000), prohibitin(Abcam Ab28172, 1:1000), Golgi 58(Abcam Ab27043, 1:500), histone H2A(Abcam Ab18255, 1:1000), sigma non-opioid intracellular receptor 1(Abcam Ab160924, Cambridge, UK; 1:1000), flotillin 1(Abcam Ab41927, 1:500), CD36 (Abcam Ab78054, 1:500) and CD9 molecule (Abcam Ab65230, 1:500), then washed three times with TBST. The membranes were incubated for 1 hour with alkaline phosphatase (AP)-conjugated antimouse or rabbit IgG. The protein levels were evaluated by the detection of activity of alkaline phosphatase using a Lumi-Phos kit (Pierce Biotechnology). The visualized bands of western blot were quantified with BioRad QUANTITY ONE software. The volumes of target bands were normalized to GAPDH. The average absolute intensity and the standard deviation were determined. The protein ratio was determined using these averaged values. Student's T-test was used to generate p values. Significant difference was recognized as a p value less than 0.05.
Immunohistochemistry and tissue microarray
For expression studies of human flotillin 1 in clinical samples, we used tissue microarrays purchased from Biomax, Inc. [ST1004 and bST801a)] containing cores from a total of 85 different cases of GC with matched adjacent normal tissues and an additional 10 normal only tissues. IHC of tissue arrays was done as described previously. Flotillin 1 protein expression was assessed using a previously described semiquantitative scoring consisting of an assessment of both staining intensity (scale 0 to 3) and the percentage of positive cells (0 to 100%), which, when multiplied, generate a score ranging from 0 to 300. Statistical analysis was done using SPSS 18.0. The t test was performed at 95% confidence.
Results
Detection of plasma membrane proteins in GC and adjacent normal tissues
The experimental workflow of this study is shown in Figure 1 . To discover plasma membrane protein alterations associated with GC, six pools of plasma membrane samples (three controls and three GC) were generated by pooling samples from 4 subjects for each pool. The purity of the plasma membrane after Percoll density gradient centrifugation was detected by western blot analysis. Table S1 ). To further assess the efficacy of the protocol for the enrichment of plasma membrane proteins, the subcellular locations and functions were cataloged according to the gene ontology (GO) component annotations from literatures. Figure 3 showed that 175 proteins (about 35%) have been assigned as plasma membrane or membrane-associated proteins. Of the remaining proteins with subcellular annotation, approximately 16.9% of the identified proteins are extracellular, and 20.1% proteins locate in cytoplasm. 10% proteins locate in mitochondria and 11.5% proteins are nuclear or nuclear associated proteins. Other 6.5% proteins are mainly from cytoskeleton and endoplasmic reticulum.
Quantification of plasma membrane proteins in GC and adjacent normal tissues
Proteins were labeled with TMT reagents and analyzed using tandem mass spectrometry to screen for the differentially expressed proteins between GC and adjacent normal tissues. To increase the coverage of protein identifications and the confidence of the data generated, Figure 1 Schematic representation of the strategy used to identify the differentially expressed proteins in GC tissues.
three pools of adjacent normal tissues were labeled with TMT reagents 126, 127 and 128 respectively; pools of GC tissues were labeled with TMT reagents 129, 130 and 131 respectively. The relative quantification analysis by Maxquant 1.2.2.5 software comes with statistical analysis, however, most methods are prone to technical variation, so we included an additional 1.5-fold cut off for all TMT ratios to add stringency when classifying proteins as up-or down-regulated. A total of 205 differentially expressed proteins proteins were identified with 95% confidence (Additional file 2: Table S2 ). Of these, 82 plasma membrane proteins were found to have >1.5-fold difference in expression between the GC and adjacent normal tissues (Table 1) . 24 proteins were downregulated in gastric cancer, whereas 58 were overexpressed compared to adjacent normal tissues. The plasma membrane/ plasma membrane -associated proteins comprised about 40% of the total proteins detected. The mass spectra of four representative proteins (sigma non-opioid intracellular receptor 1, flotillin 1, CD36 and CD9 molecule) were shown in Figure 4 .
Functional characteristics of the proteins detected in GC and adjacent normal tissues
To better appreciate the molecular and functional characteristics of the 82 differentially expressed plasma membrane or membrane-associated proteins, these proteins were subjected to IPA analysis for further identification of important biological processes that they were significantly involved in. The over-represented biological processes, molecular functions, and canonical pathways were generated based on information contained in the Ingenuity Pathways Knowledge Base. We found that the top three significant biological processes of the differentially expressed proteins in our study were networks describing 1) cancer, renal and urological system development and function, tissue morphology; 2) cell-to-cell signaling and interaction, infectious disease, cellular function and maintenance; 3) cellular assembly and organization, nervous system development and function, cellular movement. For molecular and cellular functions, the data indicated that many proteins involved in cellular function and maintenance, cell-to-cell signaling and interaction, cell morphology and cellular movement. Our results showed that the top three canonical pathways of differentially expressed proteins participated in were virus entry via endocytic pathways, caveolarmediated endocytosis signaling and integrin signaling ( Figure 5 ).
Confirmation of differentially expressed proteins by western blotting
Western blot analyses were performed on selected candidates (sigma non-opioid intracellular receptor 1, flotillin 1, CD 36 and CD9 molecule). These candidates were chosen based on the plasma membrane markers not known previously reported to be differentially expressed in gastric cancer since the key objective of this study is to identify potential biomarkers of GC. Figure 6 shows that the up-or down-regulation trend of candidate proteins between GC and normal tissue revealed by the Western blot data is congruent with that revealed by quantitative proteomic method. A positive correlation for the direction of changes was observed. The result of western blotting provides evidence that the TMT labeling method for the large scale protein quantification was reliable.
Flotillin 1 is relevant to clinical gastric cancer as a potential target
To assess the clinical relevance, we examined the expression of flotillin 1 in tissue microarrays containing 85 matched normal and gastric cancer tissues by immunohistochemistry (Additional file 3: Table S3 ). The TMA also includes ten additional unmatched normal gastric tissues. The expression levels of flotillin 1 across the clinical samples are presented in a distribution plot ( Figure 7 ). Two-samples t test revealed that the expression of flotillin 1 in cancer/tumor samples is significantly higher than that of noncancer/normal tissues (p < 0.01). In addition, 50.5% (43/85) of the matched cases showed higher flotillin 1 expression in the tumor compared to normal tissues while only 13% of the matched cases showed the reverse trend (Figure 7 ). 36.5% of the matched cases had no detectable level of flotillin 1. The expression data from clinical samples analysis revealed that the upregulation of flotillin 1 has quite a high penetrance (>40%) in gastric cancer. Representative images of the immunohistochemistry of flotillin 1 in 2 sets of matched normal and gastric cancer tissues are shown in Figure 7 .
Discussion
Although the prevalence of gastric cancer is declining and varying geographically, it remains one of the most common cancers in worldwide [1, 2, 23] . Five-year survival rates have ranged from 90% to less than 5%, mainly depending on the stage of diagnosis [24] . If gastric cancer can be detected and treated in early stages(stage I), the five-year survival rate is better than 90%. Unfortunately, no reliable diagnostic biomarkers exist for early detection of gastric cancer [25] . In order to dig out new drug targets or biomarkers, methods such as subcellular proteome research were adopted to offer new insights [26] . Because most of the drug targets are proteins located in the plasma membrane, we specifically focused our study on the plasma membrane proteome [27] . In this research, we used a percoll/sucrose density gradient approach for plasma membrane enrichment combined with TMT technology using nano liquid chromatography-tandem mass spectrometry analysis to identify specifically differentially expressed proteins in GC tissues compared with adjacent normal tissues. Based on the stringent criteria, in the present study, 82 plasma membrane proteins were identified as differentially expressed Figure 5 Ingenuity Pathway Analysis of proteins that were significantly altered in pathways.
proteins in GC, of which 58 proteins were increased and 24 were decreased. Discs, large homolog 1 protein is the most decreased protein and transmembrane 4 L protein is the most increased protein in GC tissue. Some lowabundance plasma membrane proteins such as potassium channel tetramerization domain containing 12, sigma nonopioid intracellular receptor 1 were found.
Previously studies have found a number of markers (e.g. annexin A6, caveolin 1, epidermal growth factor receptor, integrin beta 4) measured in the first and early second trimesters which are associated with the diagnosis of GC [28] [29] [30] [31] [32] [33] [34] [35] . Annexin A6 functions as a tumor suppressor in gastric cancer cells through the inhibition of Ras/MAPK signaling [36] . Caveolin-1 promotes gastric cancer progression by up-regulating epithelial to mesenchymal transition by crosstalk of signalling mechanisms under hypoxic condition. Human epidermal growth factor receptor (EGFR) which belongs to EGFR family is overexpressed in a significant proportion of cases of GC to promote metastasis of cancer [37] . Integrin beta 4 expressions are positively correlated in gastric cancer cell lines and tissues [33] . The survival analyses show that the expression of integrin beta 4 is associated with poor outcomes in gastric cancer patients [38] . Our prospective studies have confirmed these validated biomarkers. In addition, many potentially novel biomarkers of GC were found, such as CD36,CD81,CD9,CD97 and so on. As demonstrated here, TMT labeling combined with LC-MS/MS is a powerful tool for the identification of membrane protein biomarkers of GC.
It is reported that endocytosis is enhanced and skewed in cancer cells [39] . Endocytosis is multicomponent process which entails selective packaging of cell-surface proteins, such as receptors for cytokines and adhesion components, in cytoplasmic vesicles (endosomes). The series of sorting events that determines the fate of internalized proteins, either degradation in lysosomes or recycling back to the plasma membrane. Many proteins involved in endocytosis have been reported to be perturbed in human cancers [40] . In this research, proteins such as caveolin 1, epidermal growth factor receptor, major histocompatibility complex, integrin, cortactin, transferrin receptor, ubiquitin specific peptidase 9 participated in caveolae /clathrin mediated endocytosis were found as differentially expressed proteins. Caveolae, subsarcolemmal membrane compartments, have been implicated in signal transduction and vesicular trafficking [41] . Caveolae are capable of removing proteins from the plasma membrane by sequestration and endocytotic mechanism [42] . Clathrin-mediated endocytosis is the endocytic portal into cells through which cargo is packaged into vesicles with the aid of a clathrin coat [43] . Clathrin heavy chain and cortactin have been reported to have their expression levels changed in breast cancer [44, 45] . These two proteins were also found overexpressed in GC tissues in this research. However, proteins such as flotillin 1 involved in clathrin-mediated endocytosis have not been reported to differentially expressed in GC tumours in previous researches. The flotillin protein family has been demonstrated to be involved in the development and progression of various cancers. Flotillin 1 is highly conserved protein that localize into specific cholesterol rich microdomains in cellular membranes [46] . Flotillin-2 is a major protein from caveolae/lipid raft and is involved in epidermal cell adhesion. Recent findings have revealed that flotillin1 and flotillin 2 are frequently overexpressed in various types of human cancers including lung adenocarcinoma, nasopharyngeal carcinoma [47] , esophageal squamous cell carcinoma, breast cancer and hepatocellular carcinoma [48] . Importantly, recent researches have suggested that the flotillin 2 protein expression is significantly correlated with cancer progression and poor prognosis in gastric carcinomas, probably due to its role in the regulation of cell proliferation, migration, and invasion in gastric carcinoma cells [49, 50] . However, flotillin 2 was not identified in our research. After analysis of spotted sequences, we found the peptide similarities of flotillin 1 and 2 were low, as described in supplemental Figure 1 (Additional file 4: Figure S1 ). In this research, abnormal expression of flotillin 1 has been also confirmed in clinical gastric cancers in this study. For the first time, the association of flotillin 1 in gastric cancer has been established in our study, suggesting that flotillin 1 is a promising candidate for future biomarker development for gastric cancer.
Conclusion
With the help of proteomics analysis, we discovered that a series of plasma membrane proteins showed an altered expression level in GC tissues. 82 plasma membrane proteins with functional relevance to GC were found to be significantly different between GC and control tissues. Our approach allowed us to identify a number of markers (e.g. annexin A6, caveolin 1 ,epidermal growth factor receptor, integrin beta 4) that were previously reported as biomarkers of GC. Additionally, we have presented several potential biomarkers participated in endocytosis pathway and integrin signaling pathway were firstly identified differentially expressed in GC samples. Our findings also suggest that flotillin 1 may be a novel biomarker for GC.These findings will not only benefit early diagnosis of this cancer at the molecular level but also improve our understanding of the initiation and development of GC.
Additional files
Additional file 1: Table S1 . All of identified proteins in this research. 
